Introduction
According to the International Organization of Standardization (ISO) 1 precision can be defined as 'the closeness of agreement between test results'. McAlinden et al. 2 further unpack the definition: 'Repeatability and reproducibility are the two faces of precision. Repeatability refers to the variability in repeated measurements by one observer when all other factors are assumed constant. Reproducibility refers to the variability in repeated measurements when one or more factors, such as observer, instrument, calibration, environment, or time is varied'. In this study the repeatability of the Pentacam was investigated by taking a set of 20 successive measurements on one subject and the reproducibility was investigated by taking another two sets of 20 successive measurements on the same subject by the same observer 2 and 4 h apart from the original set of measurements.
The Pentacam is an anterior eye segment tomographer based on Scheimpflug imaging. It is a dual digital CCD camera system with a UV-free blue LED light source. One camera is stationary and is centred on the pupil to aid fixation and track eye movements and the other camera rotates 360° taking up to 50 slit images (basic model) in less than 2 s. Data for the whole cornea including both anterior and posterior surfaces is acquired from approximately 138 000 true elevation points. 3, 4 Any eye movements detected with the stationary camera are taken into account when the software analyses the data. The Pentacam is a versatile instrument that provides information on the cornea and anterior chamber, which makes it useful for the detection and tracking of corneal anomalies and glaucoma respectively.
The Pentacam provides a plethora of information on the anterior segment of the eye; however, only the precision of the anterior and posterior corneal keratometric data were considered for the purposes of this study. There are numerous studies that have investigated the precision of the Pentacam in terms of central 5, 6, 7 and peripheral 8 corneal thickness, anterior chamber depth and volume 5, 6 and corneal curvature measurements. 9, 10, 11, 12 Precision studies are necessary to ensure confidence in the instruments used in the management of patients, especially when it is necessary to refer patients for procedures such as cross linking, for example, and to be able to track the progression of anomalies satisfactorily.
Methods
This study, as part of a broader investigation of keratometric behaviour, received ethical clearance from the Ethics Committee of the Faculty of Health Sciences of the University of Johannesburg.
In the era of rapid advances in technology, new ophthalmic instruments are constantly influencing health sciences and necessitating investigations of the accuracy and precision of the new technology. The Oculus Pentacam (70700) has been available for some time now and numerous studies have investigated the precision of some of the parameters that the Pentacam is capable of measuring. Unfortunately some of these studies fall short in confusing the meaning of accuracy and precision and in not being able to analyse the data correctly or completely. The aim of this study was to investigate the precision of the anterior and posterior corneal curvature measurements taken with the Oculus Pentacam (70700) holistically with sound multivariate statistical methods. Twenty successive Pentacam measurements were taken over three different measuring sessions on one subject. Keratometric data for both the anterior and posterior corneal surfaces were analysed using multivariate statistics to determine the precision of the Oculus Pentacam. This instrument was found to have good precision both clinically and statistically for anterior corneal measurements but only good clinical precision for the posterior corneal surface.
Precision of anterior and posterior corneal curvature measurements taken with the Oculus Pentacam
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One randomly selected 21-year-old female student volunteer was used for the study. Written informed consent was received after she was briefed on the study. This subject was not on any medication, was free of ocular disease, did not have any previous ocular surgery, and had never worn contact lenses. All measurements were taken 2 h apart on the same day spread over three measurement sessions which took place at 8 a.m., 10 a.m., and at noon. Each data set consisted of 20 consecutive measurements taken on the right eye of the same subject by the same observer with the Pentacam. The procedure for taking measurements was done according to the Pentacam's user manual, 4 and after each consecutive measurement the subject was asked to sit back while the instrument was processing to allow for realignment before the next measurement was taken. Each measuring session lasted approximately 10 min.
Statistical analysis
Many of the previous precision studies done on corneal curvature measurements taken with the Pentacam analysed the keratometric data as two separate components along the principal meridians. Keratometric data is multivariate in nature and should be analysed holistically. This can be achieved by converting the raw keratometric data (radii of curvature along principal meridians) into conventional powers (sphere, cylinder, and axis) which are then converted to dioptric power matrices. Dioptric power matrices are then used to generate stereo-pair scatter plots which provide a visual representation of variation. The methods used to do this are discussed in detail elsewhere. 13, 14, 15, 16, 17, 18, 19 The statistical software used to analyse this type of data was developed by Harris and Malan, 17, 18, 19 with further adaptations by Rubin. This paper included the use of stereo-pair scatter plots and ellipsoidal surfaces of constant probability density (distribution ellipsoids) to aid in the visualisation of variation. Each dot seen on a stereo-pair scatter plot is representative of each transformed Sim-K measurement. Means, variances, and covariances were also calculated and therefore hypothesis testing was possible. The interested reader is referred elsewhere 20 for a detailed summary of this type of statistical analysis of keratometric data. Tables 1 and 2 
Results
axes by 90° for a view down the stigmatic axis (Figures 2a, c, e and 4a, c, e) and by 180° degrees for a view down the oblique antistigmatic axis (Figures 2b, d , f and 4b, d, f). This will aid readers who are unable to fuse the three dimensional stereo-pairs to view the spread of the data points down the stigmatic (F I I) and oblique antistigmatic (F K K) axes. Each black, red, and bluedata point represents each transformed Sim-K measurement taken in the first, second, and third measurement session respectively. Distribution ellipsoids are included in Figures 1 and 3 . The size, shape, and orientation of each distribution ellipsoid provides insight on the variation in intra-session measurements (repeatability) and the comparison of the size, shape, and orientation of the distribution ellipsoids over the different measurement sessions aids in visualising inter-session changes (reproducibility).
Anterior surface corneal curvature Repeatability (intra-session) analysis
Figures 1 and 2 represent keratometric measurements for the anterior corneal surface. The origin of these stereo-pair scatter plots is placed at 44I D, the axis length is 1 D, and the tick interval is 0.25 D. One can take note visually, by the small clusters of data points ( Figure 1 ) and quantitatively, by the small distribution ellipsoid volumes ( Table 1) that there is little variation in the keratometric data for each measuring session. The first measuring session (black data points) has the smallest, tightest cluster of data points (Figures 2a and b) and is therefore probably the most repeatable set of measurements. The second and third measuring sessions also display small clusters of data points with a small amount of stigmatic and antistigmatic (Figures 2c and d) and stigmatic (Figures 2e and f) variation respectively. 
FIGURE 3:
Stereo-pair scatter plot with included 95% distribution ellipsoids for measurements taken of the posterior corneal surface for session one (black data points), session two (red data points) and session three (blue data points). http://www.avehjournal.org Open Access
Reproducibility (inter-session) analysis
As can be seen from Figure 1 most of the data points intersect and form fairly small clusters. The size of all three 95% distribution ellipsoids is also fairly similar and from Table 1 one can note that all three ellipsoids have the same rounded off volume, that is, 0.001 D
3
. Although the volume is approximately the same for all three distribution ellipsoids, the direction of the spread of measurements varies slightly and Figure 2 makes it easier to see this. The distribution ellipsoid for the first measuring session (black) is more round because of the tighter cluster of data points, however, the distribution ellipsoids for the second (red) and third (blue) sessions are more elliptical. The slightly differing orientation and shape of the distribution ellipsoids can be attributed to the spread of data points along the J-K plane (Figure 2c ) and along the stigmatic axis ( Figure  2d ) for the second measuring session and along the stigmatic axis (Figure 2f ) for the third measuring session.
Posterior surface corneal curvature

Repeatability (intra-session) analysis
Figures 3 and 4 represent keratometric measurements for the posterior corneal surface. The origin of these stereo-pair scatter plots is placed at 53I D, the axis length is 3 D, and the tick interval is 1 D. As is evident in Figure 3 session three (blue data points) appears to have the least variation with the tightest cluster and smallest distribution ellipsoid volume of 2.573 D 3 (Table 2 ) whereas session two (red data points) has the most variation with the most dispersion of data points and the largest distribution ellipsoid volume of 7.366 D 3 .
Reproducibility (inter-session) analysis
Most of the data points appear to intersect for all three measurement sessions in Figure 3 ; however, it is over a larger area when compared to the intersection of data points for the anterior corneal surface. One can also note from Figure 3 that the distribution ellipsoids for all three measuring sessions differ in size, shape, and orientation. The black distribution ellipsoid that represents the first measuring session is large (6.425 D 3 , Table 2 ) and round in shape. When viewing the data points down the stigmatic (Figure 4a ) and oblique antistigmatic ( Figure  4b ) axes one can see that there is both stigmatic and antistigmatic variation. The same can be said for the second measuring session (Figures 4c and d) . Although there is also stigmatic and antistigmatic variation in the third measuring session, the amount of variation is less than the two previous measuring sessions as is evident by the tighter cluster of data points (Figures 4e and f) and the smaller distribution ellipsoid volume (Table 2) . One can also note the stigmatic and antistigmatic variation quantitatively from the variance-covariance matrices over the three measuring sessions in Table 2 .
Hypothesis testing
Multivariate analysis of variance hypothesis testing done at a 95% level of confidence was possible because the keratometric data was analysed in its multivariate form. 15 The null hypothesis was rejected if the test statistic was greater than the critical value.
21 Table 3 provides the test statistics and critical values for the hypothesis tests. The null hypothesis for the first hypothesis test is that variance-covariances are equal and the null hypothesis for the second hypothesis test is that all means are equal. The null hypothesis on variancecovariance is accepted for the anterior corneal surface but rejected for the posterior corneal surface. The hypothesis test on the means had the same outcome.
Discussion
The limited publications available on the precision of corneal curvature measurements prompted the need for this study. Those studies that are available either confused the meaning of precision or did not analyse the data in a multivariate manner which is necessary when dealing with keratometric data. Laursen et al. 9 converted Sim-K values into spherical equivalents for their analysis of precision whereas others 10, 11, 12 analysed keratometric measurements along the flat and steep meridians separately. Laursen et al. 9 and Viswanathan et al. 10 found the Pentacam to have good repeatability and reproducibility for anterior corneal surface measurements. Crawford et al. 12 had only tested repeatability and found it to be good for anterior corneal surface measurements. Chen and Lam 11 demonstrated that the Pentacam had good reproducibility for both the anterior and posterior corneal surfaces; however, repeatability was good for all parameters except for the posterior power vector J 45 . Using three dimensional dioptric power space and multivariate statistics Gillan 22 investigated the repeatability of anterior and posterior corneal curvature in a mildly keratoconic eye and found the anterior corneal surface to exhibit more keratometric variation. This could possibly be related to the irregular anterior corneal surface often associated with keratoconus. To the best of my knowledge this is the first study that has investigated the precision of the Pentacam's keratometric measurements of both the anterior and posterior surfaces of a normal cornea using multivariate statistics which provide a complete and correct analysis of keratometric data. Figures 1 and 2 represent the three measuring sessions for the anterior corneal curvature. From these two figures one can take note visually that the Pentacam measurements of the anterior corneal curvature are probably both repeatable and reproducible. The small, tight clusters of data points at each measuring session provide evidence of repeatability of the anterior corneal measurements. Reproducibility of the anterior corneal measurements is portrayed by the similarities of the distribution ellipsoid volumes and is further substantiated by the hypothesis test (Table 3 ) which shows that the means for all three measuring sessions are statistically similar and hence reproducible.
Unlike the anterior corneal surface, the keratometric measurements of the posterior corneal surface are more variable. Figure 5 shows a direct, side by side comparison of the variation of the anterior and posterior corneal surface at each of the three measuring sessions. In Figure 5 the keratometric data for the anterior corneal surface was plotted on similar axes as the posterior corneal surface measurements to allow for a direct comparison of distribution ellipsoids and spread of data. When compared to the anterior corneal surface measurements (Figures 5a, c, and e) keratometric data for the posterior corneal surface (Figures 5b, d , and f) appear to be more variable for each of the three measuring sessions as is evident by the larger distribution ellipsoids and is, therefore, probably less repeatable than the measurements taken of the anterior corneal curvature. The reproducibility of Pentacam measurements taken of the posterior corneal surface appears to be poor as is evident in the differing size, shape, and orientation of the representative distribution ellipsoids (Figure 3) and the hypothesis test also shows that the means are statistically different over the three measuring sessions. Although the means are statistically different there is no substantial clinical difference in the means over the three measuring sessions (Table 2 ). In terms of the anterior corneal surface measurements the results from this study agree with other studies. 9, 10, 11, 12 As is also evident in this study, Chen and Lam 11 found the precision of the posterior corneal surface to be poor.
With the outcomes of any study one should bear in mind the shortcomings. For this particular study the short time over which measurements were taken and using only one subject with a normal cornea could be seen as possible limitations.
Conclusion
Variation of measurements taken of the posterior corneal surface could possibly be a result of diurnal variation and that of the anterior corneal surface could be a result of blinking, tear film disruption, or diurnal variation, for example. 20 One would assume that with the anterior corneal surface being vulnerable to both internal and external influences it should display more variation than the posterior corneal surface; however, this is not the case as is evident in Figure 5 . It is unknown whether it is operator-instrument influences (such as successive measurements not taken on exactly the same spot) or if it is internal influences (corneal shape change in response to accommodation for example) that make the posterior corneal surface exhibit more variation, 23 hence further research is required to investigate this complexity.
The Oculus Pentacam appears to have good clinical and statistical precision for keratometric measurements taken of the anterior corneal surface and this is in agreement with other studies done. 9, 10, 11, 12 Measurements of the posterior corneal surface appear to be more variable, and although the instrument may not have statistically good precision for keratometric measurements of the posterior corneal surface, it is, however, clinically sound. 
